A modified allele-specific competitive blocker PCR (ACB-PCR) has been developed as an approach for genotypic selection, the detection of a rare mutant allele based solely upon its altered nucleotide sequence. ACB-PCR genotypic selection operates through the preferential PCR amplification of mutant DNA using a primer that has more mismatches to the wild-type allele than the mutant allele. In addition, a blocker-primer with a 3'-terminal dideoxynucleotide and more mismatches to the mutant allele than the wild-type allele is incorporated to reduce the background and increase sensitivity. Using ACB-PCR, the CAA-»AAA base substitution at codon 61 of the mouse H-ras gene was detected regularly at mutant fractions of 10~5. To accurately quantify the occurrence of this particular mutation, an internal amplification standard (AS) DNA was constructed. The H-ras and AS DNAs were subject to the same genotypic selection but were amplified using different upstream primers to give PCR products that can be distinguished by size. Defined mixtures of mutant and wild-type AS DNAs were used to study the effects of various components of the ACB-PCR. The concentration of dNTPs, blocker primer and Perfect Match® Polymerase Enhancer, as well as the choice of thermostable DNA polymerase and annealing temperature were examined. Conditions were identified for the concurrent detection of the CAA->AAA mutation in the H-ras and AS DNAs. Using the identified conditions, approximately equal signals were obtained from equivalent amounts of the two DNA templates over a wide range of mutant fractions (1 in 10 to 1 in 10 5 ). This ACB-PCR method can be used for any application where it is necessary to quantify relatively small mutant fractions.
Introduction
Due to the rapid development of new drugs and chemicals and the perceived threat of environmental pollutants, efficient and informative tests to evaluate the mutagenic potency of unknown substances are needed. Rodent systems are frequently used to evaluate the mutagenic potency of potential genotoxicants because the biological parameters involved in producing a mutation (route of administration, mutagen activation, deactivation and elimination, DXA adduction and repair and damaged cell death) are assimilated into the in vivo measurement of mutation. Sensitive mutation detection assays must then be used to evaluate the results of these in vivo exposures, particularly at the low doses often relevant to human exposures. Phenotypic selection assays that rely on a selectable protein function [e.g. Hprt (Jones et al, 1985) or Lacl (Kohler et al. 1991) ] are used most often because they are established and generally have the required sensitivity. However, genotypic selection techniques that rely only on a change in DNA sequence for mutation detection are increasing in number and improving in sensitivity. The impetus behind the development of genotypic selection techniques and the major advantage of genotypic over phenotypic selection is the ability to analyze mutations in any gene sequence of interest. Using genotypic selection, DNA can be analyzed from any tissue at any time after treatment provided that the mutations have been fixed by DNA replication and enough DNA can be isolated from the tissue. This makes mutations with known relevance to carcinogenesis accessible to the direct determination of in vivo mutation frequency.
Our goal is the development of a sensitive genotypic selection method that can be used to measure the genotoxicity of chemicals and drugs. We believe this application requires a sensitivity of 1 in 10 6 or more. Previously, we described a genotypic selection based on the MutS/exonuclease (MutEx) assay (Ellis et al, 1994; Parsons and Heflich, 1997a) . Because this assay had a sensitivity of only 1 in 5X10 4 , we chose to develop a second genotypic selection technique that can be linked to the MutEx approach.
Allele-specific amplification (ASA) is a class or category of genotypic selection. All ASA methods involve the selective PCR amplification of a mutant allele using a primer that has more mismatches to the wild-type allele than to the mutant (Parsons and Heflich, 1997b) . ASA methods have been used extensively for the purpose of genotyping (Ugozzoli and Wallace, 1991; Sommer et al, 1992) . Consequently, the literature describing ASA procedures and the selectivity conferred by different mismatches is large and useful in adapting ASA to the genotypic selection of rare alleles (Kwok et al, 1990; Ugozzoli and Wallace, 1991; Cha et al, 1992; Huang et al, 1992; Sommer et al, 1992; Kwok et al, 1994) .
Several ASA methods have already been used for genotypic selection. An allele-specific PCR was used to detect a human K-ras codon 12 mutation with a reported sensitivity of 1 in 6X1O 5 (Chen and Zarbl, 1997) . The mismatch amplification mutation assay (MAMA) was used to detect a mouse H-ras codon 12 mutation with a reported sensitivity of 1 in 10 3 (Cha et al, 1992 ). An allele-specific competitive blocker PCR (ACB-PCR) method was used to detect four mutations in the apolipoprotein B, the apolipoprotein B-100 and the cystic fibrosis transmembrane regulator genes with a reported sensitivity of 1 in 10 4 (Orou et al, 1995) . Each of these methods involves the use of a mutant-specific primer that has fewer mismatches to die mutant allele than to the wild-type allele. ACB-PCR also uses a non-extendable blocker primer that has a single mismatch relative to the wild-type allele in the 3'-penultimate position but a double 3'-terminal mismatch relative to the mutant allele (Figure 1 ).
In the present work, MAMA and ACB-PCR have been ' To whom correspondence should be addressed. evaluated for detection of a particular mouse H-ras mutation. The CAA->AAA mutation at codon 61 of the mouse H-ras gene is an oncogene-activating mutation that is frequently found in mouse tumors, particularly liver tumors (Leon and Pellicer, 1993; Maronpot et ai, 1995) . While other oncogemc H-ras mutations are amenable to analysis by the sensitive RFLP/PCR approach (Pourzand and Cerutti, 1993; Parsons and Heflich, 1997b) , this CAA-»AAA mutation neither creates nor destroys a restriction endonuclease cleavage site. This codon 61 mutation was chosen in part as an example of a mutational target not amenable to genotypic selection by restriction endonuclease cleavage. The ACB-PCR technique was found to be a sensitive genotypic selection for this mutation, whereas MAMA was not. Using a number of modifications of the original ACB-PCR technique, this mutation was reproducibly detected at mutant fractions as low as 1 in 10
5
. Furthermore, an internal amplification standard (AS) that can be used for the quantitative determination of H-ras codon 61 CAA->AAA mutant frequency was developed.
Materials and methods

H-ras DNAs
Mutant and wild-type PCR products were generated from B6C3F, mouse liver tumor DNA or normal liver DNA respectively, as previously described (Parsons and Heflich, 1997a) . Pfu DNA polymerase (Stratagene, La Jolla, CA) was used in order to minimize the introduction of polymerase errors The PCR products were cloned into the TA cloning vector PCR* II (Invitrogen. Carlsbad, CA). DNA sequencing confirmed that these constructs differed by a single base substitution (CAA-»AAA) at codon 61 /VuII-Wmdlll restnction fragments (428 bp) from the wild-type and mutant plasmid constructs were gel purified (Geneclean Spin Kit: Bio 101. Vista. CA) and quantified by SYBR® Green I staming (Molecular Probes. Eugene. OR) relative to a DNA Mass® Ladder (Life Technologies, Gaithersburg, MD) using a Fluorlmager and ImageQuaNT software (Molecular Dynamics, Sunnyvale, CA)
Amplification standard (AS) DNAs
A modified megaprime PCR mutagenesis approach was used to delete 334 bp of DNA upstream from codon 61 in both the mutant and wild-type plasmid constructs (Picard et ai, 1994) . Two mutagenic pnmers were synthesized in which DNA sequences on either side of the desired deleuon were juxtaposed. One of these primers had a C at the first position of codon 61 and the other had an A at this position. In separate PCR reactions, each of the mulagenic primers was used in conjunction with two outside pnmers to amplify a contiguous stretch of DNA that had the desired deletion. DNA sequencing confirmed the isolation of a pair of plasmids that contained the 334 bp deletion 582 and either a C or an A at the first position of codon 61. A 580 bp PvuU restriction fragment containing the deleted H-ras sequence was isolated from each plasmid and quantified as described above.
Allele-sptcific competitive blocker PCR (ACB-PCR)
Varying mixtures of mutant and wild-type DNAs were prepared. For the purpose of evaluating components of the ACB-PCR, the mutant AS DNA (AAA at codon 61) was mixed with wild-type AS DNA (CAA at codon 61). To mimic detection of the endogenous H-ras mutation, the mutant H-ras DNA was mixed with wild-type H-ras DNA. In the eo-amplification expenment. mutant H-ras DNA and mutant AS DNA were mixed with wild-tvpe H-ras DNA. In each case, the DNA mixtures contained -5X10 8 copies of wild-type sequence. This copy number corresponds to 230 pg fvull-//indlll H-ras restriction fragment or 313 pg of the slightly longer PvuU AS restriction fragment. Varying amounts of diluted mutant DNA were added to give mutant fractions ranging from 1 in 10 to 1 in 10 5 . Controls included a DNA sample comprised of 5X 10 8 copies of wild-type sequence without any added mutant sequence and a sample without any added template These DNA mixtures were analyzed using a modified version of the ACB-PCR method
The ACB-PCR, as optimized for the detection of the mutant AS DNA. was performed in 50 \i\ containing 10 mM KCI. 10 mM Tns-HCl. pH 8 3. 1 mg/ ml Tnton X-100, 0 1 mg/ml gelatin, 1.5 mM MgCK, 400 nM upstream pnmer 2 (5'-GCCGCTGTAGAAGCTATGA-3'), 400 nM mutant-specific primer (5'-ATGGCACTATACTCTTCTCT-3'), 200 nM blocker pnmer (5'-ATGGCACTATACTCTTCTAddG-3'), 20 uM each of the four dNTPs, 0.04 U Perfect Match® Polymerase Enhancer (Stratagene) and 1.5 U Taq DNA polymerase Stoffel fragment (Perkin-Elmer, Applied Biosystems Division, Foster City, CA) An enzyme mix was prepared by diluting the Taq DNA polymerase Stoffel fragment and Perfect Match® Polymerase Enhancer into reaction buffer The DNA and other reaction components (45 \x\) were healed to 94°C for 2 min. The enzyme mix was heated at 94°C for the last 20 s of the incubation and then 5 |il enzyme mix were added to each reaction. The reaction components were quickly mixed, collected to the bottom of a thinwalled microfuge tube and the reactions started. The samples were placed in a Perkin-Elmer Cetus thermocycler and removed after 35 cycles. The cycling conditions were 30 s at 94°C, 45 s at 41°C and 1 mm at 72°C. Variations in these ACB-PCR conditions changed the ACB-PCR sensitivity and these variations are descnbed in the figure legends. The ACB-PCR conditions used for co-amplification of the mutant AS and mutant H-ras DNAs were slightly different An annealing temperature of 46°C. 666 nM upstream pnmer 1 (5'-TGGGGAGACATGTCTACTG-3'). 300 nM upstream pnmer 2. 0 06 U Perfect Match and 3 U Taq DNA polymerase Stoffel fragment were used.
Analysis of ACB-PCR products
Equal volumes of ACB-PCR products were electrophoresed through a 10% polyacrylamide gel along with a 50 bp DNA Ladder (Life Technologies) The gel was stained with SYBR® Green I. DNAs in the gel were then detected and quantified using a Fluorlmager and ImageQuaNT software
Results
DNA mixtures with known mutant fractions were needed to evaluate two of the most sensitive ASA techniques, namely MAMA and ACB-PCR. The DNA standards used in the mixtures were restriction fragments from cloned H-ras plasmid constructs rather than DNA fragments generated by PCR. Restriction fragments were used because the level of spontaneous mutation in plasmid DNA is expected to be negligible in relation to the sensitivity of the assays being tested (Drake, 1991) . The cloning of the mutant and wild-type H-ras DNA has been described (Materials and methods; Parsons and Heflich, 1997a) . These plasmid constructs include mouse H-ras 1 exon 1, intron 1 and part of exon 2 (Figure 2 , nt 20-470) (Brown et ai, 1988 ; GenBank accession no. U03880. note that the CD-1 and B6C3F| mouse intron 1 sequences are identical). Because the genotypic selection being developed is intended to be a quantitative method, the development of an internal amplification or copy number standard was a goal. Therefore, the megaprime PCR method (Picard et ai, 1994) was used to obtain clones in which 334 nt immediately upstream of codon 61 were deleted ( . Mouse H-ras DNA sequence and ACB-PCR primers, hi the mouse H-ras sequence shown, upper case letters denote exonic sequences while lower case letters denote intronic sequences. The H-ras sequences that are deleted in the amplification standard (AS) DNA are indicated in bold. The 3'-terminus of a primer is indicated by an arrowhead. The ACB-PCR primers used to amplify the AS DNA are upstream primer 1 and the mutant-specific primer (an 89 bp product is generated). The ACB-PCR primers used to amplify the H-ras DNA sequence are upstream primer 2 and the mutant-specific primer (a 59 bp product is generated). The blocker primer, which is identical to the mutant-specific primer except for a dideoxyguanosine at it 3'-terminus (®), is also indicated. The single PvuII site within this region of H-ras sequence is shown.
either the mutant or wild-type base at the first position of codon 61 were isolated.
Using mixtures of the mutant and wild-type H-ras restriction fragments, MAMA and ACB-PCR were performed. In each case, conditions from the previously reported studies were used as a starting point for detection of the H-ras codon 61 CAA-»AAA mutation. In our hands, the MAMA technique (Cha et al, 1992) did not reproducibly detect the mutation at mutant fractions below 1 in 10 3 , even after many variations of the reported conditions were tested (data not shown). In contrast, a mutant fraction of 1 in 10 3 was detected using the originally reported ACB-PCR conditions (data not shown; Orou et al, 1995) and this sensitivity was increased in subsequent experiments incorporating modifications of this method. Consequently, attempts to use MAMA were discontinued and ACB-PCR was optimized for the detection of this mutation.
Because the genotypic selection of ACB-PCR is based on differential primer annealing, mutant-specific primer design is very important. The 3'-terminal bases of the mutant-specific and blocker primers are prescribed by the mutation being measured. In the case of the CAA-»AAA H-ras mutation, the . A sample containing only wild-type DNA (lane 0) and a sample without any template DNA (lane -DNA) were included as controls. The annealing temperature used in this experiment was 37°C. The amount of ACB-PCR product generated in each reaction, as measured by fluorescence (given in pixels) following SYBR® Green I DNA staining, is shown directly beneath each lane of the gel, except for the -DNA lanes, which were not quantified.
ACB-PCR allele selection strategy dictated that the mutantspecific primer terminate in a deoxythymidine and the blocker primer terminate in a dideoxyguanosine (see Figure 3) . However, the mismatch in the 3'-penultimate position can be selected empirically. Both A:C and A:A (template:primer) mismatches at this position were tested. The A:C mismatch in the 3'-penultimate position gave the better results and was used in all subsequent experiments (data not shown). The base pairing of the mutant-specific and blocker primers with the mutant and wild-type template DNAs is depicted in Figure 3 .
The effects of varying a number of ACB-PCR constituents were determined using mixtures of mutant and wild-type AS DNAs. Polymerases extend mismatches more efficiently at high dNTP concentrations (Huang et al., 1992) . Consequently, an increase in allele selectivity has been associated with lower dNTP concentrations (Huang et al., 1992; Sommer et al., 1992) . Figure 4 shows the results of ACB-PCR using 100, 20 or 10 (iM dNTPs (and Taq DNA polymerase as per Orou et al., 1995) . Lowering the dNTP concentration decreased the amount of ACB-PCR product but also increased the sensitivity. The sensitivity of ACB-PCR is defined as the lowest mutant fraction that shows an increase in signal relative to the no mutant control. These measurements are made in the context of an experiment where fluorescent signal consistently increased with increasing mutant fraction. At 100 |J.M dNTPs the sensitivity of mutant detection is <1 in 10 4 , because the signal from the no mutant control is considerably greater than the signal from a mutant fraction of 1 in 10 4
. At 20 (J.M dNTPs the sensitivity is improved because the signal from a mutant fraction of 1 in 10
4 is approximately the same as that of the no mutant control. Lowering the dNTP concentration further (10 (iM) caused a precipitous loss of signal and decrease in sensitivity. dNTPs at 20 \iM were used in all subsequent experiments.
ASA methods require the use of a DNA polymerase that lacks 3'->5' exonuclease activity. In an ASA reaction, this activity would remove the 3'-terminal mismatched base(s) of the primers that provide the mutant allele selection. Almost all ASA methods use Taq DNA polymerase. A truncated form of Taq DNA polymerase, Taq DNA polymerase Stoffel fragment, is reported to have a lower processivity than the parent enzyme (Lawyer et al., 1993) . Because high polymerase processivity enhances the efficiency of mismatch extension (Huang et al., 1992; Lawyer et al., 1993) , an enzyme with low processivity might give a lower background of extension from the wild-type allele in an ASA. Therefore, ACB-PCR performance of Taq DNA polymerase and Taq DNA polymerase Stoffel fragment were compared ( Figure 5 ). Because Taq DNA polymerase generated more product than did the Stoffel fragment, ACB-PCR using Taq DNA polymerase for 30 and 35 cycles was compared to ACB-PCR using the Stoffel fragment for 35 cycles. Better allele selectivity was, in fact, obtained using the Stoffel fragment, primarily because the background signal from the no mutant control was lower than that generated using Taq DNA polymerase.
Several annealing temperatures were evaluated, including 41, 45 and 49°C (Figure 6 ). A sensitivity of 1 in 10 5 was achieved over a range of annealing temperatures (41-47°C), but, using mixtures of mutant and wild-type AS DNAs, the Fig. 6 . The optimum annealing temperature for ACB-PCR of the amplification standard (AS) DNA is 41°C. ACB-PCR was performed using 41, 45 or 49°C as the annealing temperature. Mixtures of mutant and wildtype AS DNAs were prepared as described in Materials and methods. These mixtures corresponded to mutant fractions of 10~'-10~5. A sample containing only wild-type DNA (lane 0) and a sample without any template DNA (lane -DNA) were included as controls. The amount of ACB-PCR product generated in each reaction, as measured by fluorescence (given in pixels) following SYBR® Green I DNA staining, is shown directly beneath each lane of the gel, except for the -DNA lanes, which were not quantified lowest background and consequently the largest increases in fluorescent signal relative to mutant fraction were obtained using 41°C.
The background signal in ASA is the result of extension of the mutant-specific primer annealed to the wild-type template. This type of extension decreases the sensitivity of the assay. The rationale for using a blocker primer in ACB-PCR is that it competes for binding with the mutant-specific primer but cannot generate any product because it cannot be extended. Having fewer mismatches with the wild-type template than the mutant-specific primer (Figure 3) , the blocker primer competes effectively and thereby lowers the amount of mutantspecific primer extension from the wild-type template. This decrease in the background signal from wild-type template caused by the blocker primer is shown in Figure 7 . The signal from the no mutant control using 200 nM blocker primer was appreciably lower than that in an ACB-PCR without any blocker primer. In contrast, using 400 nM blocker primer in the ACB-PCR reduced the amount of product so drastically that the sensitivity of the assay was lost. Hence, 200 nM blocker primer was optimum for the detection of this particular CAA->AAA mutation.
The final modification of the original ACB-PCR technique was the addition of Perfect Match® Polymerase Enhancer. This product is primarily used to enhance the specificity of normal PCR reactions by destabilizing 3'-terminal mismatches between template and primer. Based on this activity, Perfect Match might be expected to increase allele selectivity in an ASA reaction. Of alJ the ACB-PCR parameters analyzed, Perfect Match had the most dramatic effect on overall product yield, as can be seen by comparing ACB-PCR without any Perfect Match with ACB-PCR using 0.04 U Perfect Match/ reaction (Figure 8 ). This concentration of Perfect Match also increased sensitivity. Further addition of Perfect Match (0.08 U/reaction) decreased the amount of product such that sensitivity was lost.
Figures 5-8 each include one set of samples that were analyzed using the ACB-PCR conditions for the AS DNAs described in Materials and methods. In each independent experiment, the sensitivity was 1 in 10 5 . The amounts of mutant signal produced at each mutant fraction in these four experiments are plotted in Figure 9A . The absolute amounts of fluorescent signal varied between experiments, perhaps because of differences in SYBR Green I staining times. Nevertheless, the amount of signal increased in a reproducible manner as the mutant fraction of the template DNA mixture increased. These same data are presented in terms of the increase in fluorescent signal relative to the background signal of the no mutant control ( Figure 9B ). At mutant fractions of 10~5 and 10" 4 the fluorescent signals were 2.5-and 6-fold greater than the no-mutant control respectively. While these increases are relatively small, the variability in these measurements was also small. A loss of linearity between signal and mutant fraction was sometimes seen at very high mutant fractions. This may be due to the SYBR Green I staining, which is only linear over approximately two orders of magnitude (Anonymous, 1996) .
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The mutant AS DNA was designed to be used as an internal standard or copy number control in the quantitation of unknown DNA samples by ACB-PCR. Figure 10 diagrams how the AS DNA and endogenous H-ras DNA sequences can be amplified in an ACB-PCR using the same mutant-specific and blocker primers but different upstream primers to generate PCR products that can be identified by length. Using this approach, accurate quantitation will be obtained if the two mutant templates are amplified with the same efficiency (Clementi 10 . Rationale for the construction and use of an internal amplification (copy number) standard. A strategy is shown for generating PCR products from an internal amplificaUon standard (AS) DNA and H-ras mutant DNA that can be disunguished by size but are subject to the identical ACB-PCR allele selection. The sequence complementary to H-ras upstream primer 2 (UP2) has been deleted in the AS DNA. Upstream primer 1 (UP1) sequence is not present in /Vull-digested H-rasl genoituc DNA or PCR product generated from genomic DNA (using a primer pair that encompasses codon 61 and includes one pnmer positioned within the sequence deleted from the AS DNA) Therefore, the H-ras and AS DNAs can be co-amplified using the identical mutant-specific and blocker primers but will give products that can be distinguished by length.
et ai, 1993). Therefore, ACB-PCR conditions that generated equal fluorescent signals from the two DNA templates when present at equivalent mutant fractions were needed. DNA mixtures containing wild-type H-ras sequence, mutant H-ras sequence and mutant AS DNA were prepared. The mixtures each contained 5X10 8 copies of wild-type DNA and equal amounts of the two mutant DNAs, corresponding to mutant fractions of 1 in 10 to 1 in 10 5 . Unfortunately, the conditions optimized using mixtures of mutant and wild-type AS DNAs did not amplify the two DNAs to the same degree. Consistently more product was generated from the H-ras template than from the AS DNA, perhaps due to the smaller size of the Hras product. Consequently, a second set of conditions was identified for the co-amplification of the two mutant DNA standards. The changes included a slightly higher annealing temperature (46°C), more polymerase and Perfect Match, a higher concentration of the AS upstream primer and a lower concentration of the H-ras DNA upstream primer (see Materials and methods). These conditions worked well for mutant detection using the H-ras DNA standards and, in a coamplification experiment, gave equivalent ACB-PCR signals from equimolar amounts of the H-ras and AS DNAs over a large range of mutant fractions (10~'-10~5) (Figure 11 ).
Discussion
The goal of this work was to develop a sensitive ASA technique for the detection of the CAA->AAA mutation at codon 61 of the mouse H-ras gene, a method that can be used either alone or as part of a larger, more sensitive method involving MutEx genotypic selection (Parsons and Heflich, 1997a) . The C->A mutation can generate two different heteroduplexes or base mismatches (C:T and G:A), a resource that can be used to devise a genotypic selection. The MutEx enrichment that we plan to link to this ACB-PCR mutation detection method enriches the A-containing strand of the mutant allele. This is determined by the positioning of the Escherichia coli MutS protein on the different mismatches (Su and Modrich, 1986; Parsons and Heflich, 1997a) . Thus, the development of an ASA based on a mutant-specific primer that ends in T was required (translating as an A:T base pair on mutant template and a C:T base pair on wild-type template). Different template:primer mispairs vary in terms of their efficiency of extension. As single 3'-terminal mismatches, A(template): G(primer), G:A, C:C and G:G are the most refractory to extension (Kwok et ai, 1990; Huang et ai, 1992) . Relative to all possible mispairs, the C:T mismatch is intermediate in its efficiency of extension, yet is extended at least 100-fold more efficiently than the most refractory mismatches mentioned above (Huang et ai, 1992) . Because the C:T mispair is not one of the more refractory base pairs, allele selection based on a double 3'-terminal mismatched primer was deemed necessary.
Our initial attempts were aimed at using MAMA for the detection of this mutation. MAMA was chosen primarily for its reported sensitivity of 1 in 10 5 (Cha et ai, 1992) . In our hands, MAMA and variations on MAMA did not detect the CAA-»AAA mutation at codon 61 with more than moderate sensitivity (not greater than 1 in 10 3 with any reproducibility). This suggests that either the general sequence context of Hras codon 61 or the allele selection provided by the C (wildtype template):T (mutant-specific pnmer) mismatch makes this mutation unsuitable for MAMA.
Like MAMA, ACB-PCR is based on a double 3'-terminal mismatch to wild-type sequence. Though ACB-PCR had a reported sensitivity lower than MAMA (1 in 10 4 ), it has the advantage of a second mechanism of allele selection (Orou et al., 1995) . The use of a blocker primer to reduce background extension from mutant-specific primer annealed to wild-type template may be particularly important in our case, where the 3'-terminal mispair is only moderately selective. The ACB-PCR, as described by Orou et al. (1995) , was also able to detect the CAA->AAA codon 61 mutation with moderate sensitivity (1 in 10   3 ). However, we were able to increase the sensitivity of ACB-PCR detection to 1 in 10 5 by incorporating a number of modifications.
Our modifications of the original ACB-PCR include: lower dNTP concentration, lower blocker primer concentration, substitution of the Stoffel fragment for Taq DNA polymerase, the use of Perfect Match Polymerase Enhancer and different cycling conditions. The efficiency of mismatch extension by a polymerase is related to the concentration of the next dNTP to be incorporated and polymerase processivity (Mendelman et al, 1990) . Lowering dNTP concentration and using the Stoffel fragment, a polymerase with lower processivity than Taq, are measures that were expected to increase ASA sensitivity. Both modifications did, in fact, augment sensitivity, thereby validating several reports in the literature (Kwok et al, 1990; Huang et al., 1992; Sommer et al., 1992; Tada et al., 1993; Chen and Zarbl, 1997) . With the addition of Perfect Match, our ACB-PCR worked over a relatively wide range of annealing temperatures. This is consistent with a report by De Milito et al. (1995) , who found that 0.02-0.025 U Perfect Match/ reaction lowered the T m of a single template:primer mismatch in the 3'-penultimate position ~3°C, but lowered the T m of a double 3'-terminal mismatch ~6.5°C, thereby enlarging the range of selective annealing temperatures. Because factors that increase sensitivity also cause an overall decrease in product yield, effective use of ACB-PCR probably requires a DNA detection and quantification method more sensitive than ethidium bromide staining. The fairly significant modifications described above increased the sensitivity of the original ACB-PCR technique at least 10-fold. Because we were able to detect the relatively difficult C:T mismatch, we believe that this modified ACB-PCR technique is likely to be useful for detecting most mutations with high sensitivity. Given that the effects of several ACB-PCR parameters are now understood, the optimization of ACB-PCR for detection of additional mutations should be relatively straightforward. However, some variation in the ACB-PCR technique is almost certain to be necessary in order to apply this method to the detection of different mutations. We suggest that efforts at optimization begin with the described conditions but test a range of annealing temperatures and Perfect Match concentrations, parameters that have the largest combined effect on selectivity.
Until now, all sensitive ASA techniques have used a set of DNA standards covering a range of mutant fractions analyzed in parallel to quantify an unknown mutant fraction. Using this approach, small variations in the quality of the DNA template could produce quite misleading results. Therefore, the use of an internal amplification or copy number standard is preferable. The ideal approach for molecular quantitation using an internal standard is by co-amplification of two similar templates of equal or similar length using the same primer set, because under these circumstances the templates tend to be amplified with equal efficiency (Clementi et al, 1993) . Coir approach for using an internal AS DNA is outlined in Figure 10 . The endogenous H-ras gene and the AS DNA undergo the same genotypic selection but are amplified with different upstream primers, resulting in products that differ in length by 30 bp. The fact that the templates are amplified with equal efficiency, even though two different upstream primers were used, was demonstrated empirically (Figure 11) .
Analysis of PCR products prepared from genomic DNA samples is a convenient and efficient use of ACB-PCR which must otherwise follow some type of gene-specific enrichment step. Because the error rate of Pfu DNA polymerase is < 1 in 10 6 (Andre et al, 1997) , PCR products generated using Pfu can probably be quantified and analyzed by ACB-PCR without significant loss of sensitivity. As long as the upstream primer in the PCR amplification falls within the deleted sequence of the AS DNA, the internal standard can be used in the analysis. We plan to analyze PCR products prepared from genomic DNA samples first using a set of parallel DNA standards. After this initial quantification, samples will be analyzed again by ACB-PCR using the internal amplification standard added at a concentration based on die initial determination of mutant fraction. Using two different ACB-PCR mutant fraction determinations and incorporating an internal standard into one of these measurements will increase the precision and reduce variability in our measurements. Ultimately, this approach should enable us to distinguish between small differences in mutant fractions.
ACB-PCR can be used for any application that does not require a sensitivity greater than 1 in 10 5 . The two most obvious applications are pool screening for mutations associated with human disease and basic research into mechanisms of carcinogenesis. Since we have designed this ACB-PCR technique to detect a mouse proto-oncogene mutation, it should be possible to use this assay to study the role of this mutation in mouse tumor development. The codon 61 CAA-»AAA mutation is the most common spontaneous mutation found in liver tumors of the B6C3F! mouse, the carcinogenesis model used in the National Toxicology Program (Maronpot et al, 1987) . The timing of the occurrence of this mutation and whether the frequency of this mutation correlates with differences in tumorigenicity observed between different mouse strains are basic questions related to carcinogenesis and risk assessment that can be addressed using ACB-PCR (Maronpot et al, 1995) . Answering these questions may determine which strain is a better mouse model, particularly if molecular means of risk assessment become available and diminish the need for tumor data. In general, ACB-PCR could be used to detect protooncogene mutations as soon as pre-neoplastic lesions are visible and even if the transformed cells are contaminated with large amounts of normal tissue. Furthermore, ACB-PCR could be used to study how the appearance of different protooncogene and tumor suppressor gene mutations relate to tumor progression.
Applications that require a sensitivity >1 in 10 5 will involve additional methodology. A large pool of genomic DNA, a gene-specific enrichment and a genotypic selection step prior to ACB-PCR detection will be required (Parsons and Heflich, 1997D) . Experiments are underway to augment ACB-PCR sensitivity by linking it with the MutEx assay (Parsons and Heflich, 1997a) .
